Objective: The objective of this study was to optimize ultrasonic-assisted enzymatic hydrolysis conditions, including enzyme-to-substrate (E/S) ratio, pH, and temperature, for producing porcine liver hydrolysates (PLHs) with the highest 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity by using response surface methodology (RSM).
INTRODUCTION
Porcine liver, a byproduct of pig slaughtering, contains many nutrients [1] ; however, it is rarely consumed probably because of its high cholesterol content [2] . Underutilization of such byproducts leads to potential economic loss and increases disposal cost. Enzymatic hydrolysis is used to recover and improve the nutritional and functional properties of proteins from fish and animal byproducts, such as tuna [3, 4] , chicken [5] , and porcine liver [1] , to yield valuable components. Alcalase, an endoproteinase, can hydrolyze proteins to peptides possessing hydrophobic amino acids at the end of their peptide chains. These hydrophobic amino acids increase the affinity between the peptides and fatty acids [6] [7] [8] , thus attracting the antioxidant amino acid residues toward the radical species and unsaturated fatty acids, finally increasing the antioxidant activities of the hydrolysates [9, 10] .
Ultrasonication involves the propagation of longitudinal pressure waves, further leading to the cavitation phenomenon. Within the regions undergoing cavitation pressure changes, mechani-cal shear forces cause cell damage, resulting in the release of more proteins [11] . Furthermore, during ultrasonication, larger protein molecules break down into smaller particles and protein aggregate structures loosen [12] . These processes improve the efficiency of protein extraction and hydrolysis. Response surface methodology (RSM) has been widely applied to optimize experimental conditions and maximize response within a specified range of factors [13] . Some process parameters, such as type of hydrolyzing enzyme, substrate protein, degree of hydrolysis (DH), substrate pretreatment, and environmental conditions are considered as the key points to a successful hydrolysis [14] . Kristinsson and Rasco [15] indicated that enzyme reaction kinetics was remarkably affected by hydrolysis temperature and pH. The cleavage degree of protein in the substrate could be controlled and the hydrolysates with different molecular profiles and functional properties could be produced by using appropriate enzyme-tosubstrate (E/S) ratios. Guerard et al [16] reported that during hydrolysis of shrimp processing discards, pH and temperature played critical roles in enhancing antiradical activity. When maintaining the hydrolysis temperature at approximately 52°C, it might unfold protein, expose the hydrophobic residues buried inside the molecular, facilitate the protein degradation, and eventually increase the antioxidant activity of grass carp sarcoplasmic protein hydrolysates [10] . Plant proteins are generally used as raw materials for ultrasonic-assisted enzymatic hydrolysis [8, 17] . This study aimed to i) model the effects of E/S ratio, pH, and temperature on the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity and DH of the ultrasonic-assisted enzymatic hydrolysis of porcine liver protein, ii) optimize the reaction to obtain the maximum DPPH free radical scavenging activity by using RSM, and iii) characterize the porcine liver protein hydrolysates (PLHs) obtained under the optimal conditions.
MATERIALS AND METHODS

Preparation of PLHs
PLHs were produced according to the methods of Hsu [18] with some modifications. Porcine liver (50 g) was homogenized (NISSEI AM-12, Tokyo, Japan) with 100 mL of distilled water at 10,000 rpm for 1 min and heated at 95°C to 100°C for 5 min to inactivate indigenous enzymes. The homogenized solution was then equilibrated to a hydrolysis temperature (40°C, 54°C, and 68°C) with the pH was adjusted to 8.5, 9.5, and 10.5 by using 1.0 N NaOH, after which Alcalase 2.4L (Sigma Chemical Co., St. Louis, MO, USA) was added (0.1%, 2.1%, and 4.1% of E/S ratio, v/w) and the solution was further hydrolyzed for 30 min in an ultrasonic cleaner (40 kHz, 400 W; DELTA DC400H, New Taipei City, Taiwan). After the reaction, the mixture was heated at 95°C to 100°C for 10 min to inactivate Alcalase and then centrifuged (Himac centrifuge SCR20B, Hitachi, Tokyo, Japan) at 10,000 g for 10 min. The supernatant was filtered through a Whatman No. 1 filter paper to obtain PLHs. After the DH was determined, PLHs were lyophilized and stored at -20°C until further analysis.
Response surface methodology
We used RSM to determine the combination of hydrolysis parameters that maximized the antioxidant activity of our PLHs. Temperature, pH, and E/S ratio were selected as the independent variables and analyzed according to the preliminary experiment results, whereas DPPH free radical scavenging activity was selected as the dependent variable. A Box-Behnken design comprising 15 experiments was used. The experiment design and dependent variable values are presented in Table 1 .
Regression analysis was performed for the experiment data and fitted into the following second-order polynomial model:
Where Y is the dependent variable (i.e., DPPH free radical scavenging activity); X 1 , X 2 , and X 3 are independent variables [19] ; β 0 is a constant term; β 1 , β 2 , and β 3 are the linear, quadratic, and cross-product regression coefficients. The analysis of experimental design, calculation of predicted data, and plotting of surface plot were conducted using Minitab 16 (Minitab Inc., State College, PA, USA).
Degree of hydrolysis measurement
The DHs of PLHs were determined by measuring the increase in free amino groups by using a picrylsulfonic acid solution according to the method of Adler-Nissen [20] and calculated as follows: 
Where h tot is the total number of peptide bonds per protein equivalent, and h is the number of hydrolyzed bonds. The h tot factor is dependent on raw material amino acid composition.
Antioxidant activity measurement
The ferrous ion chelating ability of PLHs was determined using the method of Dinis et al [21] and calculated as follows:
Ferrous ion chelating ability (%) = (1 -absorbance sample at 562 nm/absorbance control at 562 nm) ×100 (
The reducing power was determined according to the method of Oyaizu [22] at a wavelength of 700 nm through spectrophotometry. The DPPH radical scavenging activity was determined using a modified method of Shimada et al [23] . The absorbance of the sample solution was determined as follows:
DPPH radical scavenging activity (%) = (1 -absorbance sample at 517 nm/absorbance control at 517 nm) ×100 (4)
Determination of PLH molecular weight distribution and amino acid composition
The molecular weight distribution of PLHs was determined according to the methods of Aspmo et al [24] with some modifications. Samples (1 μL) were analyzed using matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS; Voyager DE-PRO, Applied Biosystems, NY, USA) in a positive ion mode, whereas the results were obtained in the linear mode. The amino acid composition of the freezedried PLHs was determined using a modified method of You and Wu [25] . Briefly, 0.1 g of PLHs was hydrolyzed with 3 mL of 4 M methanesulfonic acid, containing 0.2% 3-(2-aminoethyl) indole under vacuum at 115°C for 48 h. The total amino acids were analyzed using an Agilent 1100 series high performance liquid chromatography system (Agilent 1100 Series HPLC Value System, Agilent Technologies, Santa Clara, CA, USA) equipped with ZORBAX Eclipse-AAA column (4.6×150 mm, 3.5 μm).
Statistical analysis
The optimization experiments were conducted using RSM with the experimental design model of Minitab 16. The software generated equations describing the behavior of the hydrolysis conditions and antioxidant activities and their coefficient of determination (R
). Significance was determined at a 95% probability level.
RESULTS AND DISCUSSION
Optimization of the hydrolysis process E/S ratio, pH, and temperature are the crucial parameters affecting enzyme efficiency during protein hydrolysis [13, 16, 19] . Here, the ranges of optimal E/S ratio, pH, and temperature were 0.1% to 4.1%, 8.5 to 10.5, and 40°C to 68°C, respectively ( Table 1) . The resulting DPPH radical scavenging activities and DH values were 66.3% to 79.7%, and 16.9% to 26.9%, respectively. A response surface model was plotted; the regression coefficients for the linear regression, quadratic regression, and interaction of the three variables (X 1 , X 2 , and X 3 ) on the response values (Y) are presented in Table 2 . All three independent variables, [26] indicated that E/S ratio and hydrolysis temperature and time significantly influenced the DPPH radical scavenging activity of hydrolysates derived from flying squid muscle protein. Yu et al [8] reported that the initial pH, ultrasonic power, and reaction temperature significantly influenced the DPPH free radical scavenging activity of peanut hydrolysates. All terms with statistical significances below 5% probability level were eliminated (Table 2) , providing a simplified model:
Because the values of the linear coefficients for E/S ratio (X 1 ) were negative, a decrease in X 1 increased the value of Y (i.e., DPPH radical scavenging activity). The variance analysis of the model given in Table 2 shows that the p value for the model was 0.001, indicating that the model can adequately monitor the optimization [10] . The R 2 value (0.9809) was close to 1, and the adjusted R 2 value was 0.9465, indicating that the model explained 94.65% of the variation in the data and that the experiment error was small; both the R 2 values were highly significantly, indicating represented the actual relationships between the reaction parameters [10] . The lack-of-fit value of 0.407 indicated that the lackof-fit is nonsignificantly associated with the pure error, illustrating that the selected model was adequate at a 95% confidence level to describe the observed data [26] .
Visual analysis of the RSM experiment
In this study, the effect of each pair of independent variables on the DPPH free radical scavenging activity of PLHs was shown using contour plots. Figure 1a indicates that with the temperature fixed at 54°C, the maximum scavenging activity was more than 80% when the E/S ratio was 0.2% to 2.5% and that the pH was above approximately 9.7. When the pH was fixed at 9.5, the maximum scavenging activity was obtained at a temperature of 46°C to 65°C and the E/S ratio of less than 2.8% (Figure 1b) . Finally, at a fixed E/S ratio of 2.1%, the maximum scavenging activity was observed at a temperature of 52°C to 62°C and a pH of more than 9.8 ( Figure 1c) . The antioxidant activity was the highest at high pH, low E/S ratio, and moderate temperature. Chabeaud et al [19] reported that appropriate hydrolysis temperature and pH enhance the production of antioxidant peptides, subsequently increasing the antioxidant activity of the hydrolysates. During hydrolysis, Sarmadi and Ismail [7] clarified that proteolysis unfolds protein chains, thus exposing more active amino acid R groups and increasing the antioxidant activity.
The effects of reaction temperature on the antioxidant activity have been well-documented. Generally, the reaction rates increase with temperature, particularly in the approximate range of 40°C to 60°C (observed in the current study); this is consistent with a study by Kamau and Lu [14] , who indicated that more hydrolyzed products are produced during the hydrolysis. However, when the temperature surpasses a certain level, (68°C in this study), the denatured enzymes and substrates may counteract its antioxidant activity because of the excessively high temperatures [8] . As biological catalysts, catalytic activities of proteases are intensively affected by pH. Kamau and Lu [14] reported that changes in pH may affect the charge distribution and conformation of the molecules, possibly disturbing the ionic character of the substrate and denaturing the protein structures of the enzyme, thus affecting the binding ability between the substrate and enzyme. Yu et al [8] clarified that more active sites became exposed in a certain pH range after the spatial structures of protease changed. Some antioxidant hydrolysates are generated Figure 1 . Contour plots of 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity as functions of (a) enzyme-to-substrate (E/S) ratio vs pH at temperature of 54°C, (b) E/S ratio vs temperature at pH of 9.5, and (c) pH vs temperature at an E/S ratio of 2.1%.
when the peptide bonds in the substrate protein are broken, thus increasing the DPPH free radical scavenging activity. However, as the temperature deviates from the optimal range, the protease denatures, which reduces its scavenging activity. Figure 1c indicated that the optimal pH for Alcalase activity was approximately 9.7 to 10.5, corroborating the results of previous studies [16] . When the substrate mass fraction was maintained constant and enzyme dosage was low, several substrate molecules bound to the protease active sites and formed inactive intermediate products; therefore, the antioxidant activity either remained constant or increased gradually with enzyme dosage [8] . As the enzyme concentration increased, proteases bound to more substrate molecules, liberating more antioxidant peptides and increasing antioxidant activities. However, when the enzyme dosage increased to some extent, the excessive hydrolysis probably reduced the probability of contact between the protease and substrate molecules, finally reducing the antioxidant activity of the hydrolysates [27] .
In this study, we observed that even at lower E/S ratios, such as 0.1% (Table 1 ) and less than 0.5% ( Figure 1a, 1b) ; the hydrolysates showed favorable DPPH free radical scavenging activities. Yu et al [8] reported that during ultrasonic-assisted enzymatic hydrolysis, some bubbles produced through cavitation burst instantaneously, causing extensive mechanical shearing action to loosen substrate protein structures and benefit the enzymatic reaction. In this study, Alcalase easily attacked the inner protein regions, particularly the protein structures that loosened and were degraded because of ultrasonication; this resulted in the release of the hydrophobic amino acids and eventually increased the antioxidant activity [28] . As shown in Figure 1a , even at a lower E/S ratio (i.e., <0.5%) and pH of approximately 9.7 to 10.5, the PLH showed high antioxidant activity. Guerard et al [16] reported that at a high pH of 9.7, chemical hydrolysis may contribute to the hydrolysis process even without adding Alcalase. This may also clarify the high antioxidant activities at higher pH values and lower E/S ratios observed in the current study.
Optimization of technical conditions
Here, the following optimal conditions for ultrasonic-assisted enzymatic hydrolysis for the preparation of PLHs were determined using a typical analysis of an experimental model: E/S ratio (X 1 ), 1.4333%; initial pH (X 2 ), 10.1566; and reaction temperature (X 3 ), 55.6°C; the resulting DPPH free radical scavenging activity was predicted to be 80.73%. To confirm the validity of the predicted model, a verification test was performed using the modified process parameters including E/S ratio (X 1 ) of 1.4%, initial pH (X 2 ) of 10.15, and reaction temperature (X 3 ) of 55.5°C under practical considerations. The verification test results illustrated a scavenging activity of 79%, close to the predicted value (80.73%); the results confirmed the appropriateness of the model for estimating experimental values.
Degree of hydrolysis and antioxidant activity
In the present study, the DH, DPPH radical scavenging activity, reducing power, and ferrous ion chelating ability of PLHs produced under the optimal conditions were 24.12%, 79%, 0.601 absorbance unit, and 98.18%, respectively. Yu et al [8] and Fang et al [26] reported that hydrolysates obtained from Alcalase exhibited superior antioxidant activities (such as DPPH free radical scavenging activity, reduction capacity and metal ion chelation). Some free metal ions (e.g., Fe 2+ , Cu + ) can catalyze H 2 O 2 to hydroxyl radical in the Fenton reaction. Our PLHs could probably donate hydrogen atoms and bind ferrous ions, thus reduced ferrous ion concentrations and accelerated the H 2 O 2 to H 2 O conversion, and eventually enhanced antioxidant functions [8] .
The dispersion of the points for the graphical representation of the relationship between the DPPH scavenging activity and DH can be noted in Figure 2 . The results demonstrated that the scavenging activities of PLHs fluctuated with the changes in the DH values. No certain pattern or relationship was observed between the two variables in the current study, which corroborates the results of Wu et al [29] and Chabeaud et al [19] , who reported that DH did not appear to be the major criterion in the production of hydrolysate with antioxidant properties. DH, defined as the percentage of peptide bonds cleaved by protease, has been frequently applied as the index of DH [19, 20] . During the increased protein hydrolysis, many low molecular weight peptides and free amino acids with a concomitant increase in the numbers of ionizable groups (NH 3+ and COO-) were generated. In the meanwhile, a variation of the molecular structure caused the buried hydrophobic interior to be exposed. The properties of peptides such as molecular structure and size, net charge, and hydrophobicity were also altered [15] . It might enhance the antioxidant activity of hydrolysates. However, during the enzymatic hydrolysis, antioxidant peptides could be formed and degraded continuously. It was primarily influenced by hydrolysis conditions and further changed their molecular structure and sequence. Therefore, the DPPH scavenging activity exhibited alternating increases and decreases during the process of hydrolysis [19] . Hydrolyzed proteins with lower molecular weights (i.e., <5 kDa) have been shown to display high antioxidant activities [9, 10] . In theory, hydrolysates with high DH containing more low-molecular-weight peptides may have higher antioxidant properties. However, Hsu [18] observed that peptides with low molecular weight (i.e., 390 to 1,400 Da) exhibited higher antioxidant activity than did those with a molecular weight of <390 Da, probably because some antioxidant peptides may lose their functional properties after extensive hydrolysis.
Many factors, such as operational conditions, protease type, DH, specific hydrolysate amino acid sequence, peptide structure, and peptide concentration, affect the antioxidant activity of hydrolysates. Therefore, Sarmadi and Ismail [7] reported that the overall antioxidant activity of hydrolysates should be ascribed to the integrative effects of these factors rather than to the individual actions of peptides or amino acids; moreover, the authors indicated that enzyme specificity affects the amount and composition of free amino acid and peptides as well as their amino acid sequence, subsequently influencing the molecular size, hydrophobicity, and antioxidant activity of the hydrolysates.
Molecular weight and amino acid composition of the PLH produced under optimal conditions
The molecular weight distribution of PLHs was determined through matrix-assisted laser desorption ionization-time-offlight mass spectrometry (MALDI-TOF MS). According to the spectrum shown in Figure 3 , most of the molecular weight distribution of the PLHs produced under the optimal conditions was less than 5,400 Da, with several antioxidant properties similar to those of other hydrolysates with a molecular weight less than 5,000 Da [9, 27, 29] . Table 3 lists that the percentages of the hydrophobic amino acids and aromatic amino acids in the PLHs produced under optimal conditions-47.50% and 10.88%, respectively. Hydrophobic amino acids (i.e., Gly, Ala, Val, Trp, Phe, Ile, Leu, Pro, and Met) improve the solubility of the peptides in lipids, thus promoting the peptides better interaction with hydrophobic radical species and hydrophobic polyunsaturated fatty acids [30] . By contrast, aromatic amino acids can donate protons to electron Mass (m/z) % Intensity deficient radicals, stabilizing them; moreover, they can maintain the molecular stability through a resonance structure and then enhance the radical scavenging properties of the amino acids residues [7] . Another contributor to the increased antioxidant properties of the PLHs could be the high content of Asp (10.65%), considered a metal ion chelator and a hydrogen donor because it has carboxyl and amino groups in the side chain [7] .
CONCLUSION
The DPPH free radical scavenging activity of our PLHs reached 79% under the optimal conditions, which were as follows: E/S ratio, 1.4%; reaction temperature, 55.5°C; and initial pH, 10.15. The PLHs showed the highest antioxidant activities and DH and high content of essential amino acids and hydrophobic amino acids. The MALDI-TOF MS spectra showed that the molecular weight of most hydrolysates was less than 5,400 Da. In conclusion, ultrasonic-assisted enzymatic hydrolysis can be applied to obtain favorable antioxidant hydrolysates from porcine liver with potential applications in food products for preventing lipid oxidation. 
